Background. Many genera and species of Streptococcus-like bacteria (SLB) can cause infective endocarditis (IE), but little is known about the epidemiology of and the risk factors for IE in SLB-bacteremia. The aim of the study was to analyze this in a cohort of patients with SLB-bacteremia, focusing on Abiotrophia, Aerococcus, Gemella, and Granulicatella. We also evaluated whether published scoring systems generated for other Gram-positive bacteria known to cause IE (HANDOC for streptococci and NOVA and DENOVA for enterococci) could be used in SLB bacteremia to decide whether transesophageal echocardiography (TEE) could be omitted.
Patients with suspected infective endocarditis (IE) pose a clinical challenge for healthcare systems all over the world [1] . Infective endocarditis is a severe infection of the heart valves that had a mortality of close to 100% in the pre-antibiotic era. Hence, a lot of effort has been put into developing the diagnostic work up and optimizing the management [2, 3] , which is composed by a combination of long-time antimicrobial treatment and in some cases valve surgery. The 2 major criteria for the diagnosis is the identification of the causative bacterial pathogen in blood cultures and the demonstration of cardiac changes [4] .
Transesophageal echocardiography (TEE) is more sensitive and specific than transthoracic echocardiography (TTE) and is the preferred modality to visualize the engagement of the heart valves [5] , and it is a cornerstone in the diagnostic work up. However, TEE is a limited resource, and not without risks and discomfort for the patient, and it should be used rationally [6] .
To guide the clinician, studies during the last years have developed algorithms to evaluate the risk of IE and the need for TEE in patients with bacteremia, based on readily available clinical data. The PREDICT [7] and VIRSTA [8] scores were developed for patients with Staphylococcus aureus bacteremia, whereas the NOVA score [9] can be used in enterococcal bacteremia. All 3 systems have high sensitivities but are afflicted with a relatively low specificity and are thus not easily applicable in settings where TEE is a limited resource. Two scoring systems with high sensitivity and specificity are the HANDOC for bacteremia with the different species of non-β-hemolytic streptococci [10] and the DENOVA designed for Enterococcus faecalis [11] . Furthermore, these scorings systems indicate the importance of the identification of the bacterium to the species, because the different species within a genus can exhibit different propensity to cause IE.
Both streptococci and enterococci belong to the order of Lactobacillales, which contains bacterial families of other genera and species known to cause IE. The genera Abiotrophia and Granulicatella are mentioned in guidelines for IE [2, 3] , and their tendency to cause IE has been well documented [12] [13] [14] . Different species of Aerococcus have recently been increasingly recognized as a relatively common cause of bacteremia in certain age groups and tend to cause IE [15] [16] [17] . Not within the order, but related, is the genus Gemella that can also cause IE [18] .
Little is known about the epidemiology, evaluation, and treatment of patients with bacteremia with these Streptococcus-like bacteria (SLB) genera or species and their propensity to result in IE. We aimed to study the epidemiology of the SLB causing IE and test whether the known scoring systems, for evaluating the need for TEE, are applicable on episodes of SLB bacteremia using a large population-based cohort.
METHODS

Statistics of species causing IE were collected from The Swedish
Registry for Endocarditis. All consecutive blood cultures positive for Abiotrophia, Aerococcus, Gemella, and Granulicatella, from January 2012 through December 2017, were obtained from the databases of the Clinical Microbiology Laboratory in Skåne County (the only laboratory in the region with a catchment area of 1.3 million inhabitants and 9 hospitals) and from Karolinska University Laboratory, Karolinska University Hospital, Stockholm, Sweden (analyzing blood cultures from a population of 1.9 million inhabitants in the Stockholm County).
All medical records of patients with Abiotrophia, Aerococcus, Gemella, and Granulicatella bacteremia were studied retrospectively. Patients under the age of 18, or where medical records could not be retrieved, were excluded. Ethical approval was obtained from The Ethics Committee of Lund University (2017/1002) and from the Ethics committee review board in Stockholm (recordal 2015/1184-31).
Microbiology
Determination of genera and species was performed with matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS), using the direct transfer method as described previously [16] . If a MALDI-TOF MS score value >2.0 was obtained in the routine analysis, this was considered to be reliable to the species level. In cases in which a score of <2.0 but ≥1.8 was found and the second-best species had a score difference greater than 0.2, the identification to the species was considered reliable as previously shown for Aerococcus [19] . In other cases, a new MALDI-TOF MS analysis was made on stored isolates using the standard ethanol-formic acid extraction method described by the instrument manufacturer (Bruker, Bremen, Germany). The remaining isolates were analyzed by sequencing the 16S ribosomal ribonucleic acid (rRNA) gene and assigned a species as described previously [20] . The rest of the isolates, without a species assignment, were either not retrievable or did not generate a reliable assignment by 16S rRNA gene sequencing and were only assigned to the genus level.
Definitions
In the study, we use the term Streptococcus-like bacteria. Streptococcus-like bacteria is defined by the genera and species included in the order of Lactobacillales, except for species from the genera of Streptococcus and Enterococcus. Further included in SLB are species from the genus Gemella, attributed to the order of Bacillales, due to its clinical and bacteriological similarities.
An episode of SLB bacteremia was defined as a clinical situation in a patient resulting in blood cultures taken that showed growth of SLB. Multiple positive blood cultures taken on different days were included in the same episode if they were taken during the same clinical situation. To discriminate an episode from a recurrent bacteremia, an episode was delimited by at least 7 days of effective treatment.
Infective endocarditis was defined using the modified Duke criteria [4] . In the Duke criteria, the SLB were considered to be included in the viridans streptococci group.
Scoring of the patients, according to the following scoring systems, was performed using the information available to the clinician at the time when receiving the positive blood culture result analyzed to the genus or species. NOVA score parameters were defined as previously described by Bouza et al [9] , with modification of number of cultures as described by Dahl et al [21] , and DENOVA and HANDOC defined according to previous publications [10, 11] . The criteria for the scoring systems were as follows: two positive blood cultures were sufficient to fulfill the N variable of the scoring systems. Unknown origin of infection, O in NOVA [9] , and DENOVA [11] was defined as lack of a focal infection, which was likely to be the point of entry for the bacteria. Thus, some types of focal infection, such as IE, spondylodiscitis, or septic arthritis, were not regarded as origins of infection. A focal infection was defined as previously described [11] . V (valve disease in NOVA and DENOVA) is defined as a history of any of the predisposing heart conditions that constitute a high or moderate risk of developing IE, including (1) native valve disease, (2) previous IE, or (3) the presence of a valve prosthesis [22, 23] , and is in concordance with the minor criterion of predisposition (together with injection drug use) in the modified Duke criteria [4] . A cardiovascular implantable electronic device, pacemaker, or implantable cardioverter defibrillator was not regarded as a predisposing heart condition [22] . Auscultation of murmur (A in NOVA and DENOVA) included any murmur reported on admission or before scoring. H in HANDOC included either any valve disease or heart murmur. Duration of symptoms (D in DENOVA and HANDOC) was defined as ≥7 days before the first positive blood culture was taken with any symptom compatible with IE [24] . Embolization (E in DENOVA; vascular or immunological phenomena in the Duke criteria [4, 11] ) was defined by signs on clinical examination or the findings using imaging techniques noted in the records on admission or to the time of scoring. Spondylodiscitis and septic arthritis were not regarded as signs of embolization. O in HANDOC refers to that only 1 species was isolated from the blood culture. Community-(C in HANDOC), nosocomial-, and healthcare-associated acquisition was defined as previously described [25, 26] . The A in HANDOC was calculated according to the reference, comparing the propensity of a genus or species to cause IE to the streptococcal cohort, excluding neutropenic patients [10] . A previous bacteremia was defined as any blood culture with growth of the same genus or species within the 90 days preceding an episode. Comorbidities were classified according to the Charlson index [27] .
Data Collection
Clinical data from each episode were collected from 90 days before its start until 360 days after it was completed. Thus, age, gender, comorbidities, previous bacteremia, symptoms, signs, performed radiology and its results, culture results other than blood cultures, hematuria, duration of symptoms, 30-and 360-day mortality, days hospitalized, and cultures or clinical conditions indicating therapeutic failure during follow up was registered. Furthermore, data on the following were collected: intravenous drug use, other predisposing heart conditions, fever, vascular or immunological phenomena, microbiological data fulfilling, or not fulfilling the prerequisites for minor or major criteria, and whether TTE or TEE was performed and if the diagnostic criteria for IE were met [4] .
Missing data was registered as lack of result in that variable. No imputations were made.
Statistics
The analysis of the collected data was calculated in the statistical program Stata (StataCorp, College Station, TX). The odds ratios and their confidence intervals were calculated when applicable. The P value of Fisher's exact test was used when the χ ₂ test was not applicable. Continuous variables were analyzed with Wilcoxon's rank-sum test, because normal distribution could not be shown.
RESULTS
Epidemiology of Bacteremia and Infective Endocarditis
Data from the Swedish Registry for Infective Endocarditis (2014-2015) demonstrated that among 1486 reported episodes of IE, staphylococci, streptococci, and enterococci constituted 87%. Several cases of IE caused by Abiotrophia (n = 8), Aerococcus (n = 15), Gemella (n = 2), and Granulicatella (n = 12) were identified, whereas only 1 case of Rothia IE and no cases of IE caused by Leuconostoc, Lactobacillus, Lactococcus, or Globicatella had been reported.
Thus, episodes of bacteremia with Abiotrophia, Aerococcus, Gemella, and Granulicatella were chosen for the study, and positive blood cultures were identified. During the study period, a total of 843 positive blood cultures were identified from 601 patients with 611 episodes. Twenty-four episodes were excluded due to age below 18 years, and 19 were excluded because the medical records were not accessible. Thus, the study included 558 patients with 568 episodes. The Abiotrophia, Aerococcus, Gemella, and Granulicatella genera contributed with 19, 338, 87, and 124 episodes, and with 4, 13, 6, and 9 episodes of IE, respectively ( Table 1 ). The proportion of bacteremia episodes that represented IE was 21% for Abiotrophia, 3.8% for Aerococcus, 6.9% for Gemella, and 7.3% for Granulicatella. With an underlying total population of 3.2 million and sampling period of 6 years, the incidence of bacteremia and IE of the different genera were calculated and shown in Table 1 .
Risk Factors for Infective Endocarditis
The results of the univariate analysis of the whole study material is shown in Table 2 . Age, Charlson score, long duration of symptoms, predisposing heart disease, heart murmur, embolization, number of positive cultures, monomicrobial culture, and unknown origin of infection were all significantly associated with IE. However, community acquisition did not reach significance but was more common among IE episodes ( Table 2 ). The variables were stratified to the different genera and analyzed (Supplementary Tables 2-5 ). Long duration, heart murmur, and growth in several blood culture bottles were all correlated to IE in all genera, but differences were seen also for other variables (Supplementary Tables 2-6 ). Receiver operating characteristic (ROC) curves and their area under the curve (AUC) are shown together with the results of tabulation with the cutoffs of the scores ( Supplementary Figures 1-4) . The propensities for each genus and species to cause IE are shown ( Table 3 ).
Predicting the Risk for Infective Endocarditis Using HANDOC, NOVA, and DENOVA
To use the "aetiology" variable (A) in HANDOC, the proportions of IE in bacteremia with Abiotrophia, Aerococcus, Gemella, and Granulicatella were compared to those obtained from the HANDOC study [10] . The propensities of the individual genera and species in this study were compared with the data from the HANDOC study (Supplementary Table 1 ). No differences were found between the bacteria investigated in HANDOC and the Gemella and Granulicatella genera and species. Bacteria from the genus Abiotrophia were more prone to cause IE; using Fisher's exact test, the P value was .045 but the odds ratio included 1. However, when testing only isolates identified as Abiotrophia defectiva, a significant difference was demonstrated (P = .018). Species of Aerococcus non-urinae were significantly less prone to cause IE ( Supplementary Table 1 ) as a group, but the individual species showed no significant association except for Aerococcus sanguinicola, which was less prone to cause IE. Thus, all species were given 0 points for A in the HANDOCscore calculation, except for A defectiva which was given 1 point and A sanguinicola where 1 point was subtracted.
The NOVA, DENOVA, and HANDOC scores were calculated for all patients (Table 4) , and the sensitivities and specificities are presented as a ROC curves (Figure 1) . The AUC for the 3 different scores were not significantly different. However, the stipulated cutoffs generated very different specificities, 15%, 90%, and 85%, respectively. The sensitivities of all the scores were high (arrows in Figure 1 and Table 4 ), and the negative predictive values were high ( Table 4 ). The positive predictive value for NOVA was 6.6% and for DENOVA and HANDOC it was 36% and 28%, respectively, resulting in numbers needed to screen of 15, 2.8, and 3.6 for the 3 scores.
Management and Outcome
Management of the patients and the outcome during the follow up are shown (Supplementary Table 7 ). The 30-day mortality was approximately 15%, whereas the 360-day mortality was higher in the non-IE group, although this was not statistically significant. The rate of TTE and TEE in the non-IE cohort was 25% and 12% (Supplementary Table 7 ), and the number of recurrent infections with the same bacterial species was low ( Table 2) .
DISCUSSION
We identified the risk for IE in bacteremia with the 4 genera of SLB most prone to cause IE. Abiotrophia had the highest propensity to cause IE (21%), and clearly IE has to be considered in cases of bacteremia with this pathogen. The risk of IE in Abiotrophia bacteremia is higher than in bacteremia with species more acknowledged for IE such as S aureus, E faecalis, and viridans group streptococci [7, 10, 28] . We recommend the use of DENOVA and HANDOC to evaluate whether TEE should be done in Abiotrophia bacteremia, but an alternative approach could be to do TEE in all cases with an increase in numbers needed to screen from 2 to 5 (data not shown).
Infective endocarditis is more uncommon in bacteremia with the other investigated genera and species. The incidence of bacteremia with the studied bacterial genera is very diverse with aerococcal bacteremia being much more common than the others. However, the incidence of IE is similar between the 4 genera, 0.21-0.68/1 000 000 per year. To our knowledge, the present work is the largest population-based study on the epidemiology of bacteremia and IE caused by these bacteria [12-16, 29, 30] , and the 2 regions represent approximately 30% of the Swedish population. All cases of IE with aerococci were due to infection with Aerococcus urinae, giving it a propensity to cause IE of 5.9%. The other aerococcal species did not contribute with any cases. However, despite the relatively large size of our study, we cannot draw the conclusion that TEE could be omitted in all cases of bacteremia with non-A urinae aerococci. Due to the limited number of IE cases for the other genera, we cannot draw any conclusion about the propensity of specific Gemella or Granulicatella species to cause IE. G species 0 (0) 9 (2) n/a 1.0
Significant differences are shown in bold face.
Abbreviations: CI, confidence interval; IE, infective endocarditis; n/a, not applicable. We further show that SLB reveal similar clinical features associated with IE as streptococci and enterococci [10, 11] , both regarded as a group and as separate genera. Thus, community acquisition, long duration of symptoms, predisposing heart condition, heart murmur, embolization, growth in many blood culture bottles, monomicrobial bacteremia, and unknown origin of the infection were associated with IE. The different genera exhibited some different features, but we recognize the risk of drawing any conclusions from the small sample upon which these correlations were based.
We proceeded with the initial plan to evaluate whether HANDOC, NOVA, or DENOVA could predict IE and guide in the decision on whether to perform TEE. We found that both DENOVA and HANDOC have favorable performance, and the ROC analysis indicates that the suggested cutoffs in the publications are applicable [10, 11] . The sensitivities and specificities were high, and the numbers needed to screen were low, allowing a rational and efficient use of TEE in bacteremia with Abiotrophia, Aerococcus, Gemella, and Granulicatella. Alternatively, a cutoff of 2 in DENOVA would yield even higher sensitivity ( Table 4 and Figure 1 ) without too much loss of specificity (58%). However, the study is based on retrospective data and no imputations were made. When used prospectively, it is possible that the sensitivity could increase when more reliable data in the variables are acquired. As in other studies, we demonstrate that the NOVA score was hampered by a low specificity and was thus not applicable.
A weakness of this study is its retrospective design that limits the available data on each patient. The rate of TEE performed in this cohort was low, and thus some cases of IE could have been missed, but a recurrent infection caused by a missed IE would have been detected due to the long follow up of 12 months. All cultures and all clinical courses during the follow up were reviewed, including the patients that died. Only 1 of these cases fulfilled criteria for IE, and only this case aroused suspicion of IE. The only patient with a recurrent infection diagnosed to be a IE was a patient with A urinae isolated in 3 episodes with IE diagnosed during the third episode. The other recurrences were in patients with repeated urinary tract infections. We believe that the number of missed IE cases was low and that our conclusions are valid and potentially generalizable.
A strength of the study is that it is population-based, and it can thus establish the incidence of SLB bacteremia and IE. This also avoids the problem with selection of complicated cases, which is otherwise common in studies on IE from tertiary centers.
CONCLUSIONS
In conclusion, we suggest that clinicians facing bacteremia with the genera Abiotrophia, Aerococcus, Gemella, and Granulicatella can use either DENOVA or HANDOC to help them make a decision of whether to perform or omit TEE.
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